Gonadotropin-releasing hormone (GNRH) is a neuropeptide critical for reproductive activation and maintenance in vertebrates. The recent elucidation of molluscan GNRH-like sequences led to several important questions regarding the evolution of the GNRH family. For instance, are molluscan and chordate GNRHs true orthologs? Has GNRH been retained in most protostomian lineages? What was the function of the ancestral GNRH? The goal of this review is to provide a critical analysis of GNRH evolution based on data available from the known forms of protostomian GNRH. Judging from the orthology between chordate and protostomian GNRH receptors, conservation of several structural motifs on the GNRH peptide, and exon/intron arrangement conserved between protostomian and chordate GNRH genomic sequences, we conclude that chordate and protostomian GNRHs likely share a common ancestor. Based on our analysis of phylogenetic distribution, we also hypothesize that GNRH may have been lost in the ecdysozoan lineage but preserved in lophotrochozoans. Lastly, we propose that the ancestral function of GNRH is to serve as a general neural regulator, and its considerable specialization in reproduction seen in chordates is a consequence of neofunctionalization following gene duplication.
INTRODUCTION
Gonadotropin-releasing hormone (GNRH) in vertebrates is a decapeptide hormone crucial for the initiation and maintenance of reproductive function. The GNRH family of peptides is present in every single vertebrate class examined thus far [1] . Moreover, GNRH has been isolated and sequenced from invertebrate members of Phylum Chordata, the urochordates [2] . By the mid 1990s, it was firmly established that GNRH was a hormone that had arisen at least 540 million years ago (MYA) in an ancestral chordate.
The wide presence of GNRH within a deuterostomian phylum invites the question on whether the appearance of GNRH could be further pushed back to predate the Cambrian explosion, before the divergence of protostomian and deuterostomian lineages. The precise timing of this divergence is currently unclear, but has been estimated to occur between 670 MYA and 1 billion years ago [3, 4] . The presence of GNRH in a bilaterian ancestor prior to protostomian and deuterostomian divergence would make GNRH one of the most ancient hormones to persist through metazoan evolution. Consequently, studying the evolution of GNRH could allow us to gain great insights into how a peptide hormone evolved to assume its function and structure in modern taxa. As a first step toward demonstrating the early emergence of GNRH, the presence of the GNRH family of peptides must be firmly established in protostomes.
The search for protostomian GNRH began several decades ago. Before 1990, this effort appeared sporadic and yielded inconclusive data. Of interest, many earlier studies examined the presence of GNRH in arthropods and found little evidence for this peptide. To our knowledge, only two studies reported the presence of GNRH immunoreactivity in arthropods before 1990 [5, 6] . These represent surprisingly sparse supporting data, considering Phylum Arthropoda is the most prominent protostomian phylum. This, in conjunction with significant limitations in the tools used for detection (e.g., vertebrate GNRH antisera), propagated the sentiment that GNRH may not be present in protostomes. In the 1990s, researchers began to focus on mollusks. This change in animal model led to significant breakthroughs in the subsequent searches for protostomian GNRH.
The goal of this review is not to provide an overview of all studies on protostomian GNRH. There are a number of other reviews that focused on this goal [1, [7] [8] [9] . Rather, we perform structural and phylogenetic analysis on protostomian GNRH in which the sequences have been elucidated. Integrating this analysis with the known functions of protostomian and deuterostomian GNRHs, we attempt to construct a more complete picture on the emergence, loss, structure, and function of GNRH during metazoan evolution.
ANALYSIS OF PROTOSTOMIAN GNRH PEPTIDE SEQUENCES
In vertebrates, GNRH is derived from a GNRH prohormone consisting of the GNRH decapeptide and a large GNRHassociated peptide (GAP). The decapeptide and GAP are liberated from the prohormone by a series of proteolytic cleavages [10] . The only region of the GNRH prohormone that appears highly conserved is the GNRH decapeptide [9] ; the GAP sequences are highly variable across taxa [9] . The selective conservation of the GNRH decapeptide speaks to its functional significance and, thus, low tolerance for structural alterations during evolution.
The first protostomian GNRH-like molecule was isolated and sequenced from a cephalopod mollusk, the common octopus (Octopus vulgaris) [11] . This molecule, termed octopus GNRH (oct-GNRH), is a dodecapeptide that deviates from the decapeptide motif possessed by all chordate GNRHs (Fig. 1) . However, despite the insertion of two additional amino acids at positions 2 and 3, it has four features highly characteristic to all GNRH molecules: 1) an N-terminal pyroglutamyl residue, 2) a C-terminal amidated glycine residue, 3) the general conservation of N-terminal amino acids (when Asn2 and Tyr3 are removed for sequence comparison), and 4) the conservation of Gly13-Lys14-Arg15 residues for proteolytic processing (Fig. 1 ). An important question that follows is whether this GNRH-like molecule is a true GNRH ortholog or a peptide that has just arisen by convergent evolution. This question is difficult to answer because data on phylogenetic distribution and structure of protostomian GNRH are very limited (see below). Therefore, links that provide insights into structural transition from octopus to chordate GNRH are unavailable. Further, since the majority of GNRH prohormone is poorly conserved, the only stretch available for orthology comparison is the GNRH dodecapeptide itself. The very short length of GNRH peptide makes it difficult to infer orthology with reliable statistical rigor.
Despite the aforementioned limitations, there is evidence to support oct-GNRH as a GNRH ortholog. A bona fide receptor for oct-GNRH (oct-GNRHR) has been cloned and sequenced from the octopus. Like the chordate GNRHR, oct-GNRHR is a rhodopsin-like, seven-transmembrane G-protein-coupled receptor (GPCR) with sequence similarity to vertebrate GNRHR [12] . The positions of intron insertion are also conserved between oct-GNRHR and chordate GNRHR. Further, the activation of this receptor, like vertebrate GNRHR (for an excellent review, see Millar et al. [13] ), is coupled to the inositol phosphate/Ca 2þ pathway [13] . These findings are important, as the ligand frequently coevolves with its receptor. Examples of such coevolution have been observed in hormones ranging from large glycoproteins to small peptides [14] [15] [16] [17] . The demonstration of an orthologous receptor greatly boosts the confidence that oct-GNRH is a vertebrate GNRH ortholog.
After the elucidation of oct-GNRH sequence, a 5-year gap followed before the sequence of a second molluscan GNRH was elucidated from a gastropod, the sea hare Aplysia californica [18] . The Aplysia GNRH (ap-GNRH) is also a dodecapeptide and differs from oct-GNRH by only two amino acids (Fig. 1) . The preservation of GNRH in a gastropod, a taxon that diverged from the cephalopod about 520 MYA [19] , strongly implicates molluscan GNRH as an important physiological regulator that warrants strong conservation. Using the two molluscan GNRHs and various chordate GNRHs as query sequences, we performed TBLASTN searches within the expressed sequence tag (EST) database of Phyla Mollusca, Annelida, Arthropoda, Nematoda, Platyhelminthes, and Cnidaria. We retrieved two novel forms of protostomian GNRH ( Fig. 1) , one from the owl limpet (Lottia gigantean, a gastropod mollusk; GenBank accession FC805608), and one from the marine worm (Capitella sp., a polychaete annelid; GenBank accession EY629959). The open reading frames of both GNRH preprohormones were verified using the genomic sequences retrieved from the Joint Genome Institute (JGI; http://genome. jgi-psf.org). Alignment of deduced amino acid sequences of four protostomian GNRHs were performed with ClustalX1.8 (French Society of Bioinformatics) and shown in Figure 2 .
Protostomian GNRHs (Fig. 1 ) differ from chordate GNRHs in two significant ways. First, as mentioned, there is an insertion of two additional amino acids at the N-terminal of all protostomian GNRHs examined thus far. The evolutionary significance of the two additional amino acids is unclear. They may represent mutational changes that were once tolerated or preferred by the cognate receptor because the receptor affinity of the mutated peptide was relatively unchanged or enhanced. Second, the residue immediately upstream of C-terminal glycine, which is consistently a proline residue in chordate GNRHs, is variable in protostomian GNRHs. These two features represent perhaps the greatest structural divergence of protostomian GNRHs from chordate GNRHs.
There are, however, structural features of protostomian GNRHs that are strikingly similar to chordate GNRHs. First, amino acids 10 and 11 are highly variable in protostomes. This parallels the poor conservation of amino acids 7 and 8 within the vertebrate GNRH family and suggests relaxed structural requirements immediately upstream of the C-terminal (Fig. 1 ). Second, with the exception of position 2, the N-terminal is, in general, well conserved, again a scenario similar to the vertebrate GNRH family (Fig. 1) . Third, the glycine residue at position 8 is conserved in all protostomian GNRHs. This is reminiscent of the Gly6 residue in the majority of vertebrate FIG. 1. Amino acid sequences of protostomian GNRHs aligned with chordate GNRHs. Amino acid numbering is indicated on the top for chordate GNRHs and on the bottom for protostomian GNRHs. mGNRH, mammalian GNRH; cGNRH-II, chicken-II GNRH; oct-GNRH, octopus GNRH; ap-GNRH, Aplysia GNRH; ol-GNRH, owl limpet GNRH; an-GNRH, annelid GNRH.
FIG. 2.
Multiple sequence alignment of deduced amino acids of protostomian GNRH preprohormones. The signal peptide, GNRH, and GAP are indicated. The GNRH dodecapeptide is shaded. The cleavage site is in bold. The identical, highly conserved, and less conserved amino acids are indicated by *, :, and ., respectively.
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GNRHs (Fig. 1) . It is thought that the presence of an achiral amino acid, such as glycine, in the center of vertebrate GNRH favors a type II 0 beta turn that brings both the N-and Cterminals in close apposition during receptor binding [13, [20] [21] [22] . The type II 0 beta turn is important, since substitutions with chiral amino acids that relieved vertebrate GNRH from such a turn resulted in diminished bioactivity and affinity for the receptor. The majority of tunicate GNRHs do not have an achiral residue in position 6 [22] , but the preservation of this residue in protostomian GNRH suggests this may be an ancient feature that was lost in the ascidians. Lastly, Trp9 is present in all protostomian GNRHs (Fig. 1) . This residue aligns with Trp7 in chicken II GNRH (cGNRH-II; Fig. 1 ). This Trp residue in both cGNRH-II and protostomian GNRHs occurs immediately downstream of the achiral Gly residue mentioned above. One hypothesis is that this Gly-Trp motif represents an ancient feature. The retention of this motif in cGNRH-II, an ancient form of GNRH [1] , would be consistent with this hypothesis. However, this is a speculation that will certainly require further validation.
ANALYSIS OF PROTOSTOMIAN PREPRO-GNRH SEQUENCES
The protostomian prepro-GNRH sequences have a molecular architecture consistent with that reported for chordate GNRHs [23] . All protostomian GNRH preprohormones include a signal peptide, a GNRH dodecapeptide, and a GAP (Fig. 2) . It is apparent that the only conserved region within the preprohormone is the dodecapeptide (Fig. 2) . In fact, the four protostomian GNRH preprohormones are only 18%-38% identical, whereas the identities of the dodecapeptide regions are much higher, between 67% and 83%. The selective conservation of the GNRH peptide within the GNRH preprohormone is also a recurring theme observed throughout Phylum Chordata [9] .
CONSERVED GENOMIC STRUCTURES BETWEEEN PROTOSTOMIAN AND CHORDATE GNRHs
One way to infer orthology among candidate molecules is to compare their genomic structures. To do so, the exon-intron borders of two protostomian GNRH genes were defined by comparing their genomic sequences to the corresponding EST sequences, and this was further verified by the presence of the GT-AG splicing consensus at the exon-intron junctions. When the 5 0 untranslated region (UTR) of the EST sequences was incomplete, the assignment of exons and introns was based on the combination of JGI Blast Alignment Search (JGI; http:// genome.jgi-psf.org), gene structural analysis through the New GENSCAN Web Server at MIT (http://genes.mit.edu/ GENSCAN.html) [24, 25] , transcription start site analysis through the Promoter 2.0 prediction server (http://www.cbs. dtu.dk/services/Promoter/) [26] , and signal peptide analysis through the SignalP 3.0 Server (http://www.cbs.dtu.dk/ services/SignalP/) [27] .
Comparative analysis of zebrafish [28] and protostomian GNRH genomic sequences retrieved from JGI revealed a strikingly conserved exon/intron arrangement (Fig. 3) . The intron/exon organization of zebrafish gnrh II gene presented in Figure 3 is highly characteristic of vertebrate GNRHs. This includes four exons and three introns. The first exon consists of the 5 0 UTR. The GNRH peptide is encoded in exon 2, and the GAP spans the remainder of exon 2, the entire exon 3, and parts of exon 4 (Fig. 3) , followed by the 3 0 UTR. The deduced exon/intron arrangement of the two protostomian GNRHs is virtually identical to that of vertebrate GNRH genomic sequences (Fig. 3) . This analysis strongly supports the notion that protostomian and chordate GNRHs are orthologs derived from the same ancestral molecule.
To date, after extensively searching the EST and genome databases, we have not been able to identify multiple GNRH paralogs in a single species of protostome. Initially, two putative GNRH sequences were found through an in silico search of Aplysia central nervous system (CNS) transcriptome. However, further cloning efforts revealed that the second sequence had arisen from a sequencing error [18] . To date, there is no evidence of GNRH gene duplication in the protostomes. However, this statement should be taken with caution, since the sequencing efforts for many are still ongoing, and our sampling is limited to only a very specific lineage of protostomes (discussed later). Further, the possibility exists in the protostomes for the loss of one of the duplicated GNRH pair, a common occurrence after gene duplication [29, 30] .
PHYLOGENETIC ANALYSIS OF GNRH PREPROHORMONES
To better understand the evolutionary relationship among different prepro-GNRHs, we performed phylogenetic analysis using neighbor joining, minimum evolution, and maximum parsimony methods. The phylogenetic trees were constructed with MEGA4 (Molecular Evolutionary Genetics Analysis Software). The bootstrap consensus tree inferred from 1000 replicates is taken to represent the evolutionary history of the taxa analyzed. All three methods gave similar clustering of GNRHs, thus only the tree generated with the minimum evolution method is presented (Fig. 4) . Only bootstrap values   FIG. 3 . Analysis of exon/intron organization of GNRH genomic sequences from a vertebrate and two protostomes. cGNRH-II, Chicken GNRH-II [20] . 800 greater than 50% are indicated at the branch point. Using a nomenclature proposed by Fernald and White [31] , we clustered vertebrate GNRHs into four major clades: GNRH I (hypothalamic/preoptic forms), GNRH II (the midbrain form), GNRH III (a fish-specific terminal nerve form), and GNRH-IV (the lamprey forms). The protostomian GNRHs represent a monophyletic lineage and are given the new name ''GNRH V.'' As seen in Figure 4 , there are still uncertainties in many of the early branch points that give rise to the five major GNRH clades. In particular, the phylogenetic relationship among GNRHs I, II, and III remains a matter of debate and has been discussed in recent reviews [23, 32] . Of importance is the low bootstrap value at the branch point leading to GNRH II/IV and GNRH V clades, demonstrating lower confidence of this assignment. This nebulous relationship between vertebrate and protostomian prepro-GNRH is likely attributed to the low number of protostomian sequences available for comparison, the poor conservation of sequence outside the GNRH peptide proper, and the sporadic loss of GNRH in some taxa. Regardless, the important take-home message remains that the protostomian GNRHs form a tightly clustered group, reflecting a common ancestry.
DISTRIBUTION OF GNRH IN PROTOSTOMIAN PHYLA
The grouping of protostomian phyla has undergone substantial revision in the past decade [33] [34] [35] . Instead of the linear acoelomata-pseudocoelomata-coelomata evolutionary   FIG. 4 . Phylogenetic tree of preproGNRHs in chordates and protostomes generated by the minimum evolution method. The bootstrap values (in %) over 50% are given at each branch point. PreproGNRHs are clustered into five groups (GNRH I to GNRH V). Each sequence is denoted by the name of its GNRH peptide form, the species from which it was isolated (in italics), and a GenBank accession number. Arabic numbers at the end of vertebrate sequences are used to indicate different precursors that encode the same GNRH peptide. Arabic numbers at the end of ciGNRH (tunicate) indicate different molecular forms of GNRH. The following abbreviations are used to denote the GNRH peptide forms: cGNRH-I, chicken GNRH-I; cGNRH-II, chicken GNRH-II; cfGNRH, catfish GNRH; ciGNRH, Ciona GNRH; gpGNRH, guinea pig GNRH; hrGNRH, herring GNRH; lGNRH-I, lamprey GNRH-I; lGNRH-III, lamprey GNRH-III; mGNRH, mammalian GNRH; pjGNRH, pejerry GNRH; sGNRH, salmon GNRH; sbGNRH, sea bream GNRH; wfGNRH, whitefish GNRH; octGNRH, octopus GNRH; apGNRH, Aplysia GNRH; anGNRH, annelid GNRH; olGNRH, owl limpet GNRH.
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order, it is now acknowledged that the coelom, a mesodermally derived body cavity, has been gained and lost multiple times during evolution [33, 36] . The current consensus evolutionary tree is shown in Figure 5 , in which protostomes are divided into two superphyla: ecdysozoa (animals that undergo ecdysis or molting) and lophotrochozoa (animals possessing a feeding appendage called lophophore or undergoing a larval stage called trochophore). With this revised tree, the acoelomates and pseudocoelomates, such as platyhelminthes and nematodes, are now grouped with their coelomed sister taxa (Fig. 5) .
Thus far, GNRH sequences have been elucidated from Phyla Chordata, Annelida, and Mollusca (Figs. 1, 2, and 5) . The most parsimonious explanation for this distribution pattern is that GNRH was already present in a bilaterian ancestor that gave rise to chordates and lophotrochozoans (Fig. 5) . This would suggest the presence of GNRH also in ecdysozoans, but thus far no sequence data for ecdysozoan GNRH exist. This is puzzling, given the conspicuous presence of arthropods and nematodes in protostomian phyla and the availability of genome sequences from model species, such as Drosophila melanogaster and Caenorhabditis elegans, for gene search. There are two ways to explain the failure to obtain ecdysozoan GNRH sequences thus far. First, the structure of ecdysozoan GNRH may have diverged substantially so that it can no longer be recognized as such. Second, GNRH was lost in the ecdysozoan lineage. Neither possibility can be proven, but there is indirect evidence that favors the latter. A GPCR was cloned from Drosophila in 1998 and found to share considerable homology with vertebrate GNRHR [37] . This prompted the hypothesis that an endogenous GNRH-like ligand existed in the fruit fly. It was later found that the endogenous ligand of this receptor is not GNRH, but instead the insect adipokinetic hormone [38] , a hormone that mobilizes lipid and carbohydrate during energy-requiring activities. A second Drosophila GPCR orthologous to GNRHR was cloned, and again was found to bind another molecule, called corazonin, instead of a GNRH-like peptide [39] . Collectively, these data put forth the tantalizing possibility that GNRH and GNRHR were originally present in the ancestral ecdysozoan. Over the course of evolution, GNRH was lost due to unknown reasons, but GNRHR-like receptors have been retained and recruited to bind other ligands. If this theory is supported, the putative GNRHR identified recently in Caenorhabditis elegans [40] could also be the cognate receptor for a ligand unrelated to GNRH.
In Figure 5 we propose a scheme for the emergence and loss of GNRH during protostomian evolution based on the scenario described above. In this scheme, GNRH was already present in an ancestral bilaterian and persisted in deuterostomes and lophotrochozoans. We hypothesize that this molecule was selectively lost in ecdysozoans. In support of this notion, ecdysozoans also lost the highly conserved steroid hormone receptor family [41] , suggesting a relatively derived system of chemical mediation in this lineage. The reason for the loss of GNRH is unclear, but it occurred about 540 MYA during the Cambrian explosion, when species were rapidly undergoing adaptive radiation. The loss may reflect environmental selection pressures, the appearance of other coregulated ligands that bound with greater efficiency to GNRHR, or a particular aspect of animal physiology that rendered the function of GNRH dispensable. To accept or reject this scheme, much effort will be needed. In addition to verifying the presence or absence of GNRH in ecdysozoans, further searches for GNRH must be conducted in strategic taxa, such as ctenophores, cnidarians, platyhelminthes, and echinoderms. Of these taxa, data from basal metazoans, such as ctenophores, will be of special significance in tracing the emergence of GNRH back not only to the bilaterian ancestor, but also to the metazoan ancestor.
THE EVOLUTION OF FUNCTIONAL ROLES OF GNRH
A jawed vertebrate can express up to three forms of GNRH (GNRHs I, II, and III), as in the case of some teleosts. It is now widely accepted that at least two rounds of whole-genome duplication occurred during chordate evolution [42] to give rise to multiple GNRH paralogs. The events that ensued following GNRH gene duplication were complicated; GNRHs I and III were lost in some teleosts and in tetrapods [23] , respectively, whereas GNRH II was lost or inactivated in some mammals [43, 44] . If one examined the fate of paralogous genes following gene duplication, several scenarios are likely [29, 30, 45] . First, ''nonfunctionalization'' could occur, leading to inactivation and loss of one paralog. In fact, the majority of duplicated genes were subject to this fate [46] . Second, the duplicated genes could undergo ''subfunctionalization'' in which each of the duplicated pair assumes a level of function that is suboptimal, so both are required to maintain the original function. Third, duplicated genes could undergo ''neofunctionalization'' in which one of the duplicated pair is recruited for an entirely new function while the remaining one continues with the original function. There is evidence for subfunctionalization in the tunicate Ciona intestinalis, which possesses six forms of GNRH due to exon and gene duplication [2] but shows no clear pattern of functional and anatomical segregation among these GNRH variants. However, given the compartmentalization of GNRH paralogs in the brains of most vertebrates, neofunctionalization appears to be a common fate of GNRH paralogs preserved to date.
The most dominant function of GNRH in vertebrates is the activation of reproduction through the stimulation of pituitary gonadotropin secretion, a function assumed primarily by GNRH I (and sometimes GNRH III in teleosts). This endocrine function is highly conserved in all organisms possessing a pituitary gland. However, the prominent presence of GNRH II in the midbrain of most vertebrates implicates another evolutionarily conserved role: to serve as a neural regulator (i.e., neurotransmitter or neuromodulator). Although the function of GNRH II is still poorly understood, its persistence 
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in the midbrain, an ancient brain region associated with many basic sensory and motor functions, calls attention to the importance of this role that GNRH II assumes or once assumed. As such, we ask the question: Which function, reproductive or neural regulatory, reflects the ancestral role, and which reflects the role after neofunctionalization? We cannot answer this question directly, but insights could be gained by examining the roles of GNRH in protostomes lacking a pituitary homolog.
oct-GNRH and its receptor are widely expressed in the CNS and peripheral tissues of the common octopus. Based on their expression patterns, oct-GNRH is implicated in the neural regulation of diverse functions, such as feeding, memory, and movement [12, 47] . A prominent effect elicited by oct-GNRH is muscular contraction, and this occurred in the heart, radula retractor, and the oviduct, all of which could be considered autonomic regulation. Of interest, oct-GNRH stimulated the secretion of testosterone, progesterone, and 17b-estradiol from octopus gonads [12] . One might infer from these steroidogenic actions that oct-GNRH may serve as a reproductive activator. However, these findings need to be interpreted with caution, since the molluscan estrogen receptor ortholog is a transcription factor unresponsive to estrogens [41, 48, 49] , and the ortholog for androgen receptor appears to be missing in the mollusk [50] . Although several other investigators reported germ cell-stimulating effects of GNRH in other mollusks [51, 52] , these studies were conducted with chordate GNRHs. Thus the interpretation of these data could be confounded, given the structural divergence between chordate and protostomian GNRHs. At present, there is no clear pattern emerging to demonstrate a critical and unifying role for oct-GNRH in reproduction.
The distribution of ap-GNRH in Aplysia is similarly scattered in a wide range of central and peripheral tissues, including the CNS, the gonad, and an exocrine gland [18] . In the CNS, ap-GNRH is distributed in all ganglia, again implicating diverse functions in feeding, movement, sensory, and autonomic functions. A GNRH bioassay conducted in Aplysia revealed an inhibitory effect of GNRH on neuroendocrine cells that secrete a reproductive hormone, but this was done with a chordate GNRH, leading to equally confounding interpretation [53] . Further, injections of ap-GNRH into sexually mature Aplysia failed to induce egg laying and had no effect on gametogenesis (Tsai, unpublished data). One might raise the point that gonadal expression of GNRH in Aplysia is reminiscent of the presence of GNRH in the gonad of many vertebrates [54] and could implicate a conserved reproduction function. However, it is unclear whether gonadal GNRH expression in Aplysia is high enough for peptide production at a biologically relevant level. In addition to the gonad, the peripheral expression of GNRH has also been shown in the cardiovascular components of vertebrates [55, 56] and Aplysia (Tsai, unpublished data). The peripheral presence of GNRH has an unclear evolutionary origin and could result from the ''leaky'' expression of GNRH in cells of certain lineages that could be co-opted for other functions. Taken together, there is no solid physiological evidence connecting ap-GNRH to reproductive activation. The distribution and physiological roles of owl limpet GNRH (ol-GNRH) and annelid GNRH (an-GNRH) have not yet been examined.
That said, we do not wish to undermine the contribution of reports implicating reproductive function of protostomian GNRH [51, [57] [58] [59] [60] . It is, however, important to recognize that these studies were conducted with chordate GNRHs and corresponding antisera, so the data on the distribution and physiological roles of GNRH could be difficult to interpret. As such, these results will need to be reevaluated once homologous peptides become available.
Given the lack of a solid connection between reproduction and protostomian GNRH, we hypothesize that the function of GNRH in ancient bilaterians is neural regulation. In this scenario, GNRH served as a rather unspecialized neural regulator for multiple nervous and peripheral functions (i.e., autonomic), which may or may not involve reproduction. After whole-genome duplication events that gave rise to multiple GNRH paralogs in Phylum Chordata, at least one paralog (primarily GNRH I) underwent neofunctionalization and became a specialized messenger for reproductive activation. Hence, the considerable specialization of GNRH (GNRH I) in reproductive activation could be a phenomenon unique to vertebrates or chordates. We believe that characterizing the nonreproductive functions of GNRH, in particular GNRH II and protostomian GNRH, represents an important future direction that will shed light on how GNRH evolved functionally over time.
CONCLUSION
The recent elucidation of several protostomian GNRH sequences provided us with a glimpse into the evolution of this important peptide family. Reconstructing the evolutionary history of GNRH is a daunting task, not only because data on protostomes are limited, but also because evolution is not a linear process. Over time, genes and their associated functions could be retained, lost, and subsequently regained through convergent processes. Since we cannot go back in time to examine the ancestral GNRH, we must make informed predictions, and these predictions must be based on data sets with well-defined criteria. In this review, the emphasis is placed upon the known protostomian GNRHs and data generated with them. However, we owe much of our progress to the efforts of investigators who began to study GNRH in protostomes using heterologous peptides and antisera [51] [52] [53] [57] [58] [59] [60] [61] [62] [63] [64] . It is through these efforts that we garnered support for the notion that GNRH is not unique to Phylum Chordata. We anticipate many more years of surveying GNRH function and structure in diverse invertebrate taxa before a more complete story on the evolution of this peptide family can emerge.
